Background/Aims: The N-methyl-D-aspartic acid receptor (NMDAR) has been extensively studied for its important roles in synaptic plasticity and learning and memory. However, the effects of microwave radiation on the subunit composition and activity of NMDARs and the relationship between NMDARs and microwave-induced synaptic plasticity have not been thoroughly elucidated to date. Materials: In our study, primary hippocampal neurons were used to evaluate the effects of microwave radiation on synaptic plasticity. Structural changes were observed by diolistic (Dil) labeling and scanning electron microscopy (SEM) observation. Functional synaptic plasticity was reflected by the NMDAR currents, which were detected by whole cell patch clamp. We also detected the expression of NMDAR subunits by real-time PCR and Western blot analysis. To clarify the effects of microwave radiation on NMDARinduced synaptic plasticity, suitable agonists or inhibitors were added to confirm the role of NMDARs on microwave-induced synaptic plasticity. Dil labeling, SEM observation, whole cell patch clamp, real-time PCR and Western blot analysis were used to evaluate changes in synaptic plasticity after treatment with agonists or inhibitors. Results: Our results found that microwave exposure impaired neurite development and decreased mRNA and protein levels and the current density of NMDARs. Due to the decreased expression of NMDAR subunits after microwave exposure, the selective agonist NMDA was added to identify the role of NMDARs on microwave-induced synaptic plasticity injuries. After adding the agonist, the expression of NMDAR subunits recovered to the normal levels. In addition, the microwave-induced structural and functional synaptic plasticity injuries recovered, including the number and length of neurites, the connections between neurons, and the NMDAR current. Conclusion: Microwave radiation caused neuronal synaptic plasticity injuries in primary hippocampal neurons, and NMDARs played protective roles on the damage process.
Introduction
Microwave technology is widely used in many fields, such as telecommunications, medical treatments, and military applications. The effects of microwave radiation on the central nervous system (CNS) have attracted the attention of many scholars [1] [2] [3] . However, the underlying mechanisms have not yet been evaluated. The N-methyl-D-aspartic acid receptor (NMDAR) is a type of glutamate-gated ion channel that is pivotal to the regulation of synaptic plasticity in the CNS [4] . The subunit composition of NMDARs in neurons affects channel activity and downstream signaling [5] . Our study group previously found that the expression levels of NMDAR subunits were associated with microwave-induced learning and memory impairments in a long-term, observational study on Wistar rats [6] . Other studies have also shown that microwave radiation could impair synaptic plasticity and cause structural and functional injuries through the NMDAR signaling pathway. Acute or chronic microwave exposure also caused changes in the K d and B max values of NMDARs and reduced the excitatory synaptic activity in the brain and in cultured hippocampal neurons [7, 8] . However, the effects of microwave radiation on the subunit composition and activity of NMDARs and their relationship with microwave-induced synaptic plasticity are still not understood. Primary hippocampal neurons are more representative and persuasive than other cell lines, such as PC12 cells, for revealing the mechanism of neuronal injuries in in vitro studies. Synaptic plasticity includes both structural and functional aspects. The relationship between synaptic plasticity and NMDARs has been evaluated exhaustively [4, [9] [10] [11] . Therefore, we intended to use primary hippocampal neurons to explore the roles of NMDARs in microwaveinduced structural and functional plasticity changes. The observation of neuronal morphology is a key component to understanding neuronal functions [12] . Diolistic labeling (Dil labeling) is increasingly utilized in neuroscience as an efficient, reproducible method for the visualization of neuronal morphology. Dil is a nontoxic, fluorescent labeling method that can label multiple neurons in both living and fixed cells or tissues [13] . Moreover, the Sholl analysis is a method of quantitative analysis that has been commonly used in neuronal studies to characterize the morphological characteristics of an imaged neuron [14, 15] . Dil labeling, combined with the Sholl analysis, could better explain the effects of microwave radiation on the development of neurites. To better clarify structural changes, scanning electron microscopy (SEM), which can be used to observe the surface microstructure, has also been applied to visualize connections between neurites. Functional synaptic plasticity is another important aspect for understanding microwaveinduced injuries in neurons. NMDARs could interact with presynaptic glutamate and become activated. Moreover, the subunit composition of NMDARs is plastic, resulting in a large number of receptor subtypes. To date, seven different subunits, divided into three subfamilies according to sequence homology, have been identified: GluN1, GluN2 (A, B, C and D) and GluN3 (A and B) [16, 17] . Among the seven subunits, the GluN1, GluN2A and GluN2B subunits have been found to be closely related to microwave-induced synaptic plasticity [6] . Moreover, calcium influx through NMDARs at excitatory synapses could activate downstream signaling pathways and participate in synaptic plasticity via the activation of Ca 2+ /calmodulindependent protein kinase type II (CaMKII) and its translocation to the GluN2B subunit of NMDA receptor. The major binding site for CaMKII on GluN2B undergoes phosphorylation at Ser 1303 [18] . Therefore, it is necessary to determine the expression levels of NMDAR subunits. With the development of patch clamp, the most direct and effective method for evaluating the activation of NMDARs is by recording electric activity, such as changes in the current amplitude or density. In summary, first, we intended to evaluate the effects of microwave radiation on structural and functional plasticity and the expression and activation of NMDARs to determine whether microwave radiation can induce synaptic plasticity injuries and NMDAR changes. Next, the suitable agonists or inhibitors were added to confirm the role of the NMDAR on microwaveinduced synaptic plasticity.
/ml on poly-D-lysine (Sigma, USA)-coated 35 mm dishes, glass coverslips or 15 mm glass bottom cell culture dishes. At 24 h after plating, the plating medium was replaced with DMEM containing 10 % horse serum, 1 % L-glutamine, 1 % penicillin-streptomycin solution, 2 % B27, and 1 % N2. To inhibit the growth of glial cells, 3 µg/ml cytarabine (Sigma, USA) was added at DIV 3 after plating. Then, half of the medium was changed 24 h after adding cytarabine. Afterward, half of the medium was changed every four days.
The cells were randomly divided into the control group (C) and the radiation group (R). The radiation group was exposed to microwaves with an average power density of 50 mW/cm 2 for 6 min. The source of microwave exposure has been described in detail in our early published article [20] . Briefly, the primary parameters for the radiation group were as follows. The repetition frequency was 500 pps, the pulse width was 500 ns, and the peak field power density was 200 W/cm 2 . Moreover, the output power of the radiation source was 1.4 MW. The control group was treated in the same location for 6 min but without microwave exposure.
Dil labeling and Image analysis
The cells in the confocal dishes were randomly divided into C and R groups. At DIV 7, the cells in the R group were exposed to microwave radiation. At DIV 8 and 12 (at 1 and 5 d after microwave exposure), the cells were treated with Dil labeling, which was adapted from previously described methods [21] . Briefly, the vibrant Dil cell-labeling solution (Life Technologies, USA) was diluted 200 times with sterile phosphatebuffered saline (PBS) and added to the confocal dishes for 30 min at 37°C. Then, the labeling solution was removed, and the dishes were washed three times for 10 min with PBS at 37°C.
Afterwards, cultures were maintained in the recording chamber of a LSM 880 confocal laser scanning microscope (CLSM) (Carl Zeiss, German) at 37°C with 5 % CO 2 . The images were captured randomly with a 40× objective lens and analyzed with ImageJ software (National Institutes of Health, USA). Plugins named Neuron J and Sholl Analysis were downloaded and installed under ImageJ for subsequent analyses. First, all images were transferred to 8-bit pictures and the brightness and contrast were adjusted to ensure all branches were visible and to avoid the occurrence of dye sediments. Then, Neuron J was used to add tracings and to measure all branches on each neuron. The Sholl analysis parameters were set as follows to measure the number of branches. The starting radius, ending radius, radius step size and radius span were set to 5, 150, 5 and 1 µm, respectively.
SEM observation
Cell climbing sheets were exposed at DIV 7 and gathered for SEM observation at DIV 12. After washed with PBS buffer, the climbing sheets were fixed with 2.5 % glutaraldehyde and then rinsed with sucrose PBS buffer. After fixation with osmium acid, all samples were dehydrated with an ethanol gradient and treated with isoamyl acetate for 25 min. Then, hexamethyldisilazane was used to dry the samples, which were then adhered to an insulating gel and sprayed with gold for observation by S-3400 SEM (Hitachi HighTechnologies, Japan).
Real-time PCR
The primary hippocampal neurons were exposed to microwave radiation at DIV 7 and collected at 1, 6, 12 and 24 h after microwave exposure for total RNA extraction using Trizol (Invitrogen, USA). The sequences of the gene-specific primers for GluN1, GluN2A and GluN2B and GAPDH were those described in Xiong's methods [22] . In addition, the reverse transcriptase polymerase chain reaction (RT-PCR) and real- 
Western Blot Analysis
Microwave exposure was conducted at DIV 7 and protein expression was detected at 6 and 24 h. Total protein was extracted form primary hippocampal neurons using RIPA buffer containing protease inhibitor. Samples containing 30 µg protein were separated by 8 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking with 5 % nonfat milk for 1 h, the PVDF membranes of corresponding molecular weights were incubated overnight at 4°C with the following primary antibodies: anti-GluN1 (goat monoclonal 1:1, 000, Abcam, USA), anti-GluN2A, anti-GluN2B and anti-p-GluN2B (phosphor S1303) (rabbit monoclonal 1:1, 000, Abcam, USA), anti-GAPDH (mouse monoclonal 1:1, 000, Abcam, USA). The secondary antibodies were HRP-conjugated anti-goat, rabbit or mouse antibodies (1:5, 000, Zhongshan Biotechnology, China). The relative densities were semiquantitatively analyzed using ImageJ software.
Whole-cell recordings of NMDAR currents
NMDAR currents were recorded as described previously, with some modifications [7, 23] . The current responses (I NMDA ) were elicited in cultured hippocampal neurons (DIV 7-10) perfused with NMDA. The recording patch pipettes were made with a pipette puller (P-97, Sutter Instrument Company, USA), with the resistances of 5-7 MΩ. The internal solution contained 140 mM K-Gluconate, 10 mM KCl, 3 mM EGTA, 2 mM Mg-ATP, 0.2 mM Na-GTP and 10 mM HEPES (pH 7.2, adjusted with 1 M CsOH, and osmolarity 300-310 mOsm, adjusted with sucrose). The bath solution contained 150 mM NaCl, 3 mM KCl, 3 mM CaCl 2 , 10 mM Glucose and 10 mM HEPES (pH 7.3, adjusted with 1 M NaOH, and osmolarity 300-310 mOsm, adjusted with sucrose). The K-Gluconate, EGTA, Mg-ATP, Na-GTP, HEPES, CsOH and NMDA were purchased from the Sigma-Aldrich company, and the rest of the reagents were purchased from Sinopharm Chemical Reagent, Co., Ltd, China.
The Multiclamp 700B amplifier, Digidata 1440A converter and pClamp 10 software (Axon Instruments, USA) were used to record the whole cell currents. The membrane potential was held at -70 mV.
The application of NMDA (300 µM) onto primary hippocampal neurons was conducted by the Picospritzer III pressure drug application system (Parker, USA), which was connected with high purity nitrogen. The glass tubes for adding NMDA were pulled from OD 1.0 mm borosilicate glass and placed 200 µm away from the recorded cell. The pulling parameters were as follows: heat 569, pull 0, vel 12, and time 250. The time of drug application was set as 1 s. After adding the NMDA by a drug pipette, a negative current was recorded.
To verify that the negative current was I NMDA , the specific inhibitor AP-5 (100 µM) was added to the recording dish by pipette. After a few seconds of diffusion by stirring the liquid through the pipette tip, a negative current could not be recorded by adding NMDA (300 µM) (Fig. 1 ). In the formal experiments, to evaluate the effects of microwave radiation on I NMDA , there was no need to add AP-5.
All recordings were conducted immediately after microwave exposure. To avoid errors caused by different sized cells, the current density (I d ) was used as the analysis
Regulation of NMDAR
The selective agonist NMDA was added to observe the regulatory role of NMDAR on synaptic plasticity in hippocampal neurons. The concentration of NMDA was set to 30 µM. In this section, four groups were used: 0 mW/cm 2 (C), 50 mW/ cm 2 (R), the control group with 30 µM 
Statistical analysis
To compare the differences between the C and R groups, a two-way analysis of variance (ANOVA) was applied. A 2×2 factorial design was applied to determine the regulatory role of the agonist on synaptic plasticity. The software used was SPSS 19. Multiple comparisons were performed by the SNK analysis. Differences at p<0.05 were considered to be significant.
Results

NMDAR participated in microwave-induced synaptic plasticity injuries
Microwave exposure induced the impairment of neurite development. Dil-staining was conducted 1 and 5 d after microwave exposure to observe the effects of microwave exposure on neurite development. The statistical results were shown for each time point. After 1 d, the lengths of neurites showed no significant shortness, and the number of branches on the neurons did not decrease ( Fig. 2A and B and Fig. 3 ). However, 5 d after microwave exposure, the lengths of the neurites in the R group were significantly decreased when compared with those of the C group (Fig. 2C and D and Fig. 3A ) (*p<0.05). Moreover, the whole group effect for the C and R groups were also evaluated. There were no interaction effects between microwave exposure and observation time. The results showed significant differences between the two groups for the lengths and numbers of neurites ( Fig. 3) (▵p<0.05) . In the Sholl analysis, the number of neurites 15 µm from the centers of the cell bodies decreased significantly in the R group 5 d after microwave exposure (Fig. 3B ) (*p<0.05), indicating a developmental disorder in proximal neurites after microwave exposure. Moreover, to observe slight changes in neurites, SEM observation was conducted 5 d after microwave exposure. Proximal fractures were observed in the R group (Fig. 4) . 
Cellular Physiology
The mRNA and protein levels of NMDAR subunits decreased after microwave exposure. To determine whether NMDAR participated in the microwave-induced injuries, the mRNA levels of GluN1, 2A and 2B were detected 1, 6, 12 and 24 h after microwave exposure. For the whole group effect, there were significant differences between the C and R groups for the GluN2A and GluN2B mRNA levels (Fig. 5) (▵p<0.05) . The relative level of GluN1 decreased significantly at 6 and 12 h (Fig. 5A) (*p<0.05) . The mRNA level of GluN2A decreased at 12 h and 24 h (Fig. 5B) (*p<0.05) . The GluN2B level decreased at 1, 6 and 12 h (Fig. 5C) (*p<0.05) . Because the expression of mRNA occurs earlier than protein synthesis, 6 and 24 h after microwave exposure were chosen as the detection time points for protein expression. There were significant differences for the protein levels of GluN2A, GluN2B and p-GluN2B for the whole group effect (Fig. 6) (▵p<0.05) . Moreover, statistical analyses were also conducted for each time point. The protein level of GluN2A and 2B decreased significantly at 24 h (Fig.  6C and D) (*p<0.05). The p-GluN2B level decreased at 6 and 24 h, demonstrating the early changes in phosphorylation (Fig. 6E) (*p<0.05) . The results of the mRNA and protein levels of key NMDAR subunits indicated the abnormal synthesis of receptor subunits after microwave exposure. The current density of NMDAR decreased after microwave exposure. The NMDAR current was detected to reflect the receptor activity. Immediately after microwave exposure, whole-cell patch clamp was used to record the NMDAR current. The current amplitude in the C group was 700 pA, while the amplitude in the R group was 200 pA (Fig. 7A and B) . Compared with the control group, the current density decreased significantly in the radiation group (*p<0.05, Fig. 7C ), indicating reduced NMDAR activity after microwave exposure.
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Protective roles of NMDAR in the regulation of microwave-induced synaptic plasticity injuries
The structure recovered after adding NMDA to microwave-induced injured cells. As the structural changes were the most significant 5 d after microwave exposure, 5 d after adding the agonist, Dil-staining and SEM observation was performed. Moreover, 5 d after microwave exposure, the neurites in the R group were shorter and fewer in number than those in the C group ( Fig. 8A and B) . After adding NMDA, the neurites in the C+NMDA and R+NMDA groups showed no significant differences compared to the C group (Fig. 8C and D) . To observe regulatory role of the drug (NMDA) on the microwave-induced structural changes, the four groups, C, R, C+NMDA and R+NMDA, were set and the 2×2 factorial design was applied.
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After the factor and regression analysis, there were no interactions identified between the radiation and drug, and the radiation played the major role in the lengths and number of neurites. After multiple comparisons, compared to the C group, the lengths and number of neurites in the R group significantly decreased, while those of the C+NMDA and R+NMDA groups showed no differences (Fig. 9) . ( * p<0.05). Compared to the R group, the neurite lengths of the C, C+NMDA, R+NMDA groups and the neurite numbers of the C and C+NMDA groups showed significant increases (▵p<0.05). Compared to the C+NMDA group, the neurite lengths and number significantly decreased only in the R group ( # p<0.05). Moreover, the connections between neurons protruded in the R group, while no breaking changes were found in the other groups (Fig. 10) . The structural changes observed in the four groups indicated that radiation could cause decreases in neurite length and number and break neurite connections. NMDA could decrease the occurrence of structural injuries induced by microwave exposure.
Recovery of the mRNA and protein levels of NMDAR subunits after adding NMDA. As the mRNA changes observed for GluN1, 2A and 2B were primarily concentrated 12 h after microwave radiation, the regulatory role of NMDA was determined at this time point. After the factor analysis, there was an interaction between the radiation and the drug only for the mRNA level of GluN1. No interactions were found between microwave exposure and the addition of NMDA for the mRNA levels of GluN2A and GluN2B. The regression analysis indicated the drug played a major role on the mRNA changes of three subunits. After 
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Cellular Physiology and Biochemistry multiple comparisons, the R, C+NMDA, and R+NMDA groups showed significant differences in the mRNA levels of GluN1 ( * p<0.05) when compared to the C group. Compared with the R group, the C, C+NMDA, and R+NMDA groups showed significant increases in GluN1 mRNA levels (▵p<0.05). When compared with the C+NMDA group, the C, R and R+NMDA groups showed significant differences in the GluN1 mRNA levels ( # p<0.05). (Fig. 11) . For the mRNA levels of GluN2A, the R and C+NMDA groups showed significant differences when compared to the C group ( * p<0.05). When compared to the R group, the C, C+NMDA, and R+NMDA groups showed significant increases in the mRNA levels of GluN2A (▵p<0.05). Compared with the C+NMDA group, the mRNA level of GluN2A showed differences in the other three groups ( # p<0.05). (Fig. 11) . Compared to the C group, the mRNA level of GluN2B showed differences in the R, C+NMDA, and R+NMDA groups ( * p<0.05). When compared with the R group, there were significant differences in the mRNA levels of GluN2B in the other three groups (▵p<0.05). The GluN2B mRNA level showed significant decreases in the C and R groups when compared with the C+NMDA group ( # p<0.05). (Fig. 11) . Because the protein changes generally occurred 24 h after microwave exposure, the detection of the protein levels of GluN1, 2A, 2B and p-GluN2B by Western blot time was set at 24 h after microwave 
Cellular Physiology and Biochemistry exposure. All results were listed in Fig. 12 . After the factor analysis, there was interaction between the radiation and the drug only for the protein level of GluN2B. No interactions were found between microwave exposure and the addition of NMDA for the protein levels of GluN1, GluN2A or p-GluN2B. The regression analysis indicated that the drug played a major role in the protein changes of the four subunits. Multiple comparisons for the GluN1 protein level indicated that there were no significant differences among the four groups. As for GluN2A, the protein levels in the R and C+NMDA groups showed significant differences when compared to the C group ( * p<0.05). Compared with the R group, the GluN2A protein levels significantly increased in the other three groups (▵p<0.05). Compared with the C+NMDA group, there were significant differences in the other three groups for the GluN2A protein level ( ## p<0.05). (Fig. 12) . Compared to the C group, the GluN2B protein level showed a significant decrease only in the R group ( * p<0.05). When compared to the R group, the C, C+NMDA and R+NMDA groups showed significant increase for the GluN2B protein level (▵p<0.05). When compared to the C+NMDA group, only the R group showed a significant difference in the GluN2B protein level ( ## p<0.05) (Fig. 12 ). As for the protein level of pGluN2B, the R and C+NMDA groups showed significant differences when compared to the C group ( * p<0.05). Compared to the R group, there were significant differences for the pGluN2B levels in the other three groups (▵p<0.05). Compared to the C+NMDA group, the C and R group showed significant differences for the level of p-GluN2B ( ## p<0.05) (Fig. 12) .
The current density of NMDAR showed recovery tends after regulation treatments
After microwave exposure, the NMDAR current amplitude decreased. To determine the role of a selective agonist on NMDAR currents, NMDA was added 1 h before microwave exposure. After the factor analysis, there were interactions between microwave exposure and the addition of NMDA (p<0.05). The regression analysis showed that microwave radiation played a major role. There were significant differences between any of the two groups by the multiple comparisons ( * p<0.05, ▵p<0.05, ## p<0.05) (Fig.  13) . The results indicated that the NMDAR current density recovered but did not recover to the control level. Fig. 12 . Protein levels of GluN1, 2A, 2B and p-2B 24 h after microwave exposure. *p<0.05 versus the C group, ▵p<0.05 versus the R group, # p<0.05 versus the C+NMDA group. Fig. 11 . Relative mRNA levels of GluN1, GluN2A and GluN2B 12 h after microwave exposure. *p<0.05 versus the C group, ▵p<0.05 versus the R group, # p<0.05 versus the C+NMDA group. 
Discussion
Microwave exposure could induce adverse effects, such as headaches and sleep disturbances in humans, the impairment of LTP induction, changes in oxidative stress and neurotransmitter levels, increased blood-brain barrier permeability, and cognitive functional impairment in animals [24] [25] [26] [27] [28] [29] [30] . However, the underlying mechanisms of these effects are unclear. The NMDAR plays a central role in development, synaptic plasticity, and neurological disease. The effects of microwave exposure on NMDARs have been studied, indicating that the NMDAR was highly related to microwave-induced neuron impairments. Significant and immediate effects on the binding parameters (Kd and Bmax) of NMDARs were found after acute exposure to 900 MHz electromagnetic fields [8] . Abnormal protein and mRNA expression, as well as posttranslational modifications, were detected in the NMDAR-PSD95-CaMKII pathway after microwave exposure, and a GluN2B subunit gene promoter region variant was associated with microwave-induced neuron impairment [31, 32] . However, further studies on hippocampal neurons regarding the effects of microwave exposure on NMDAR subunits and activity have been limited. In this study, we aimed to determine the effects of microwave radiation on the subunit composition and activity of NMDARs and their relationship with microwave-induced synaptic plasticity.
Our research group once used a 2.856 GHz pulsed microwave at different power densities of 0, 5, 10 and 50 mW/cm 2 to expose Wistar rats and found that the 10 and 50 mW/cm 2 microwave exposure could induce deficits in spatial learning and memory, LTP impairment and structural injuries [29] . Based on this study, we focused on the effects and mechanism of the 50 mW/cm 2 microwave exposure and conducted a study examining the relationship between NMDARs and microwave-induced learning and memory impairment through the long-term observation of Wistar rats (18 m) after microwave exposure [6] . The observed changes in NMDAR subunits attracted our attention. Therefore, we conducted further research on the NMDAR and attempted to reveal the underlying mechanism at the cellular level after the 50 mW/cm 2 microwave exposure. Microwave radiation can cause the synaptic plasticity injuries, including LTP impairment and alterations to the structure and quantity of synapses and amino acid changes in the rat hippocampus and in PC12 cells [20, 22] . However, there has been research showing that microwave radiation did not affect the ability of neurons to develop LTP in response to tetanus or to retain a potentiated state [33] . There have been differences between reports from different laboratories. Therefore, to reveal the mechanism underlying microwave exposure, it was necessary to establish a reliable cell model with synaptic plasticity injuries. In our study, we used 50 m/cm 2 microwave to expose primary hippocampal neurons and observed the structural and functional changes to evaluate the success of the cell model. After microwave radiation, impairments in neurite development were observed, including decreased lengths and numbers of neurites, and even the presence of proximal fractures. The above changes indicated structural and functional abnormalities of synaptic plasticity and the successful establishment of the cell model.
The NMDAR, a type of glutamate-gated ion channel, is crucial for neuronal communication and synaptic plasticity and has been a hot topic in neuroscience fields [34] . Wang LF [31] detected abnormal protein and mRNA expression, as well as posttranslational modifications, in the NMDAR-PSD95-CaMKII pathway and its associated components, such as synapsin I, following the microwave radiation exposure of rats and PC12 cells. In another study, a novel rat GluN2B subunit gene promoter region variant was associated with microwave-induced neuron impairment [32] . The previous studies indicated that the NMDAR was highly related to the microwave-induced neuron impairments. However, further studies on hippocampal neurons and on the NMDAR subunits and activity were limited. In our study, decreases in the mRNA and protein levels of GluN2A and GluN2B were found. The decreases in the pGluN2B expression level and the NMDAR current densities both indicated the weakness of the NMDAR activity.
Studies have found that dendrite arbor growth, or dendritogenesis, is choreographed by a diverse set of cues, including the GluN2A and GluN2B NMDAR subunits. While the GluN1/ GluN2B receptors are predominantly expressed in immature neurons and promote plasticity, GluN1/GluN2B receptors are primarily expressed in mature neurons and induce circuit stability [35] . Moreover, the autophosphorylated CaMKII binds directly to NMDAR subunits, colocalizes with NMDARs in the postsynaptic density, and phosphorylates GluN2B subunits at Ser1303 [36] . In our study, the mRNA and protein expression levels of GluN2A and GluN2B decreased, and the protein level of p-NR2B (Ser 1303) also decreased, which indicated that microwave exposure might impair the development of immature and mature neurons and the activation of NMDARs. Based on these experimental results, we can provide more direct and sufficient evidence regarding the effects of microwave radiation on NMDARs. However, the relationship between NMDARs and microwave-induced synaptic plasticity injuries requires further study.
Because the expression level and activity of NMDARs decreased after microwave exposure, the agonist, NMDA, was added to examine NMDAR regulation. Shamloo [37] once studied the toxicity of NMDA by adding 50 µM NMDA to primary neuronal cultures for 1 h and found excitotoxic changes. Therefore, in our experiment the 30 µM NMDA was added for 1 h, which was lower than the excitotoxic concentration. After adding NMDA, we found changes in the neurites, NMDAR subunits expression levels and NMDAR currents in the R+NMDA group that trended toward recovery, which indicated the protective roles of NMDARs on microwave-induced synaptic plasticity injuries.
The neuronal structure is the basis for neuronal functional development. Studies have found that neuronal networks are the substrate of learning and memory and that the balancing of synaptic structures was a hallmark for the stabilization of structural modifications during synaptic plasticity [38] [39] [40] . Neuronal activity regulates brain development and synaptic plasticity through NMDARs, and the structural modifications were related to NMDARs [41] [42] [43] . Specifically, after adding NMDA, the neurites in the R+NMDA group basically recovered to normal 5 d after microwave exposure. Moreover, the breaks in neurite connections disappeared in the R+NMDA group. In the statistical analysis, there were no interactions between the radiation and drug, and the radiation played the major role on the length and number of neurites. The results indicated that microwave radiation was the major factor for the structural changes and that NMDA could reduce the microwave-induced structural injuries.
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After adding NMDA, no interactions were found between microwave exposure and the addition of NMDA for the mRNA levels of GluN2A, GluN2B and the protein levels of GluN1, 2A and p-GluN2B. The regression analysis indicated that the drug played a major role in the mRNA and protein changes of the four subunits. One possible reason is that the expression levels of NMDAR subunits are more sensitive to the agonist. Compared to the C group, the expression levels of GluN2A, 2B and p-GluN2B showed no differences in the R+NMDA group, indicating that the addition of NMDA can restore the NMDAR subunit expression levels to normal levels, which were originally reduced by microwave radiation.
The whole cell patch clamp technique is essential for understanding the external factors that affect ligand-gated ion channel function, cell physiology, and the nervous system under normal or pathological conditions. NMDAR is an ionotropic glutamate receptor that exhibits a voltage-dependent Mg 2+ block, is highly Ca 2+ permeable, and deactivates slowly. These properties contribute to the importance of NMDARs to cell survival, synaptic plasticity, and many forms of learning and memory [23, 44, 45] . The patch clamp experiment found that microwave radiation could induce a decrease in the NMDAR current, and the current recovered after preincubation with NMDA in the R+NMDA group. These results indicated that the NMDAR agonist could decrease the microwave-induced current changes.
Conclusion
In summary, we believe that microwave radiation can cause neuronal synaptic plasticity injuries. Adding NMDA, the selective agonist of NMDAR, could reduce microwave-induced synaptic plasticity injuries, including structural changes, the expression levels of NMDAR subunits and NMDAR activity. Therefore, we speculate that the decreases observed in mRNA and protein levels for GluN1, GluN2A, and GluN2B and the substantial decrease observed for the NMDAR current density might be the underlying reasons that microwave exposure induces synaptic plasticity injuries. With the rapid development of microwave connected applications, people are increasingly exposed to microwaves. Microwaves could decrease the subunit expression levels and the NMDAR current density, which might be a useful tool for some NMDAR excitotoxicity-related diseases due to its essential roles in synapse formation and neuronal development.
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